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Abstract: This paper presents a new approach to characterizing heterocoagulation (i.e. coagulation of 
mixtures of dissimilar particles) by measuring the zeta potential distribution and the particle size distribution 
of individual and combined alumina and quartz at pHs 5, 7, and 10. The results show that the 
heterocoagulation of alumina and quartz would occur at pHs 5 and 7 but not at pH 10. For the alumina and 
quartz particles under study, the aggregate size was mainly between 1.3 and 8.7 μm and the quartz would 
act as the core particle and the alumina as the surrounding particles in the heterocoagulation process. The 
heterocoagulation and dispersion at different pHs and the aggregate structure at pHs 5 and 7 were verified 
by the scanning electron microscope analysis. The heterocoagulation and dispersion of alumina and quartz 
at different pHs can be accounted for by the interparticle force revealed by force analysis in the framework 
of the Deyaguin-Landau-Verwey-Overbeek theory. 
Keywords: heterocoagulation; alumina; quartz; zeta potential; particle size 
1. Introduction 
Heterocoagulation, which is caused by the attractive interaction between two dissimilar particles, is of 
great scientific and practical interest. Heterocoagulation can be employed to prepare special samples, e. g., 
raspberry-like aggregates can be prepared by attaching a lot of small surrounding particles to one large core 
particle [1-3]. Heterocoagulation can also be applied to increase the stability of charged particles in water [4, 
5]. In addition, by heterocoagulation, some materials can be used as the dye removal absorbents or the 
water treatment agents [6, 7]. Heterocoagulation also finds novel applications, such as the classification of 
Ni particles based on their coagulation on the borosilicate glass [8]. 
In the separation and purification process, however, heterocoagulation is often a problem that needs to be 
avoided. For example, in flotation, the heterocoagulation between the valuable and gangue minerals, which 
is called slime coating, is usually undesired. Various methods were developed to reduce slime coating, such 
as adding chemicals to disperse gangue minerals [9-11], adjusting the pH in grinding and flotation to reduce 
the attraction between clay and sulphide minerals [12], and conducting desliming before flotation [13, 14]. 
The methods to characterize heterocoagulation are diverse. Microscope is frequently used to observe the 
aggregates resulting from heterocoagulation [1-5], but it is only applicable when there is a sharp difference 
in size, shape, color or transparency of the two objects, which is usually not the case for the natural products 
such as minerals, soil, and water contaminants. Particle size distribution is also a useful method to 
characterize heterocoagulation, but it was limited to the particles with very narrow size range and little 
overlapping in the size range of the two components [2, 4]. Xu et al. [15, 16] and Nguyen et al. [17] applied 
the zeta potential distribution to characterize the heterocoagulation of various minerals. This method is 
applicable for two objects differing in zeta potential, which is very common for minerals, but detailed 
information such as the aggregate size and the aggregate structure (e. g., which component is coated on the 
other one) cannot be obtained. 
In the present work, a new approach combining zeta potential distribution and particle size distribution 
measurements was taken to characterize the heterocoagulation of alumina and quartz at different pHs. With 
this approach, it was found that the heterocoagulation of alumina and quartz occurred at pH 5 and 7 but not 
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at pH 10. It was also identified that the aggregate size was mainly at a certain range and the aggregate 
structure comprised the core quartz particle and the surrounding alumina particles. The heterocoagution 
and dispersion results and the aggregate structure were verified by the scanning electron microscope 
analysis. The heterocoagulation and dispersion behavior of alumina and quartz were further supported by 
the interparticle force calculation according to the Deyaguin-Landau-Verwey-Overbeek (DLVO) theory. 
2. Experimental 
2.1 Materials 
The alumina with purity of 99% was purchased from Geodiscoveries, Australia. The original particle size of 
the alumina was 50~75 μm. The quartz with purity of 95% was purchased from Geodiscoveries, Australia, 
with original particle size being less than 200 μm. The original particles were manually ground by ceramic 
mortar and pestle to obtain the particles finer than 50 μm, and then they were stored in plastic bottles before 
use. 
Sodium chloride with analytical purity purchased from Chem- upply was used as the electrolyte. The 
analytically pure hydrochloric acid (RCILabscan) and sodium hydroxide (Sigma-Aldrich) were used to adjust 
the pH value of the suspensions before each test. All the chemicals were used as received and all solutions 
were prepared with using the Milli-Q deionized water. 
Five suspensions, namely pure alumina (A1), pure quartz (Q1), and mixtures of alumina and quartz at 
different ratios (M1, M2, and M3), were prepared. Two original suspensions were prepared by dispersing 10 
g of quartz or alumina in 500 mL of 0.1 mM NaCl solution with a pre-set pH (i. e., 5, 7, or 10). The suspension 
was agitated in a glass beaker using a magnetic stirrer at 500 rpm for 20 min. It was then left to settle for 
5 min. Subsequently, 100 mL of the suspension at the top layer was taken out by pipette and was transferred 
into a glass bottle. In preparing the suspensions of alumina and quartz mixture, the top layer of the two 
original alumina and quartz suspensions were combined by different volume ratios. The composition of the 
five suspensions is shown in Table 1. 
2.2 Zeta potential measurement 
The zeta potential distribution was measured by ZetaPlus (Brookhaven, USA). 100 mL of the suspension 
was agitated at 500 rpm, and 20 mL of the suspension was then transferred into a centrifugal tube by pipette. 
The tube was left to settle for 10 min, and then 1 mL of the suspension was taken out from the top layer by 
pipette and was transferred into a cuvette to measure the zeta potential distribution. Each measurement 
was repeated 10 times. 
2.3 Particle size measurement 
The particle size distribution was measured by using a laser particle size analyzer (MasterSizer 2000, 
Malvern, UK). 100 mL of the suspension was agitated at 500 rpm. In feeding the particle size analyzer, the 
suspension was incrementally transferred to the sample cell of the MasterSizer by pipette until the laser 
obscuration reached 10%. The laser obscuration is determined by the number of solid particles/aggregates 
loaded in the measurement cell [18], so for each particle size test, the total amount of the solid 
particles/aggregates in the suspension was fixed. It was found that the required volume of the suspension 
was not the same owing to the difference in the solid concentration of these suspensions. Specifically, it was 
around 90 mL for A1, 10 mL for Q1, 20 mL for M1, 40 mL for M2 and 80 mL for M3, suggesting that the 
number concentration in A1 was 1/10 of that of Q1. This difference was mainly due to the faster settling of 
alumina particles compared with that of quartz particles (the specific gravities of alumina and quartz are 
approximately 3.9 and 2.6, respectively) in the suspension preparation process. The particle number ratios 
of alumina to quartz in suspensions M1, M2, and M3 were approximately 1:9, 1:3, and 1:1, respectively. 
2.4 Scanning electron microscope measurement 
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2.4.1 Cryogenic Scanning Electron Microscopy 
Secondary electron (SE) images and X-ray spectra were collected with a cryo-scanning electron 
microscope (Cryo-SEM) comprised of a Phillips LaB6 XL30 high vacuum scanning electron microscope (SEM) 
equipped with an Oxford CT1500 cryo-preparation chamber and an EDAX brand Energy Dispersive X-ray 
Spectrometer (EDX) with nominal 128 eV resolution. The EDAX system has a polymer super ultra-thin 
window (SUTW), a SiLi crystal with a nominal 128 eV resolution, and EDAX Phoenix (V3.3) software used to 
collect and analyse data. Images and X-ray spectra were routinely collected at 5kV. 
2.4.2 Sample preparation for cryo-SEM 
A tiny drop of alumina and quartz mixtures with number ratio of 1:1, i. e., M3, was allowed to contact the 
top central surface of a 5 mm diameter circular pieces Whatman filter paper attached to a centrally welled 
10 mm diameter Al planchette. Fluid (water) in the sample was allowed to wick into the filter paper for up to 
30 seconds at room temperature to drawn down particles and leave them exposed on the paper surface.  
The prior removal of the majority of water by wicking in this way has two significant benefits: (1) Particles 
are exposed directly to cryogen during subsequent freezing which increases the likelihood of high quality 
freezing (vitrification) of any remaining water, and (2) the particles are free of surrounding bulk water and 
are concentrated and exposed on the paper surface. Samples prepared in this way were plunge frozen in 
liquid nitrogen slush cryogen (-210°C). Cryo-frozen samples were transferred shrouded and under vacuum 
to the Oxford CT1500 preparation-chamber (prep-chamber) then transferred to SEM chamber cryo-stage 
and maintained until sublimation at -165°C with the anti-contaminator at circa 190°C. To sublime globular 
ice contamination from the surface, samples were warmed to -100°C and held at that temperature for 10 
minutes, then withdrawn to the prep-chamber, cooled to -165 °C and sputter coated with Au for 3 minutes 
(ca. 20-30 nm thickness). Coated and frozen samples were transferred to the SEM chamber and maintained 
at -165°C during imaging and microanalysis. 
2.4.3 Imaging 
The general morphology of individual and aggregated particles samples was elucidated by secondary 
electron (SE) imaging at 5 kV using a variety of scan speeds and dwell time settings. The choice of setting 
varied with magnification, sample and stability of the sample throughout the experiment. In order to ensure 
images were not distorted by charging and drifting of the sample, a fast scan on the SEM screen was 
routinely overlaid with the final slower image capture scan. In order to optimize the image for each sample 
and at each magnification, refinement of timing parameters for these scans was required. This technique 
allowed identification of distortion and subsequent refinement of scanning parameters. Sometimes 
averaging of a number of fast scans (e.g. between 8 and 32) was required to ensure images were not 
distorted. No obvious distortion was evident in the images included here. 
2.4.4 Microanalysis 
The composition of particles in the sample was elucidated by Energy Dispersive Spectroscopy (EDS) 
conducted at 5 kV using spot mode. Microanalysis on frozen samples can be problematical and requires 
careful use of the technique.  Charging and drifting are particular issues with cryo-SEM microanalysis at 
higher accelerating voltages (kV) that are usually typically for routine microanalysis at room temperature of 
dry samples (e.g. 15–30 kV). For our microanalyses a low kV (5kV) was selected as it was deemed both 
suitable to generate X-rays for the major known elemental components of the sample (C, Al, Si), and would 
reduce sample charging that can compromise the results. In addition, probe currents were kept small and 
the analysis was run for short times (60 seconds) which reduced, the effects of charging and sample drift but 
produced significantly less X-ray counts than would normally be expected with routine microanalysis of dry 
samples. Two further checks were conducted to monitor respectively the extent of sample drift and charging: 
(1) The position of the analyzed area at the beginning and the end of each analysis was compared, and (2) 
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The Duane–Hunt limit of each spectra was checked. 
3. Results and discussion 
3.1 Zeta potential distribution 
Fig. 1 shows the measured zeta potential profiles of alumina and quartz versus pH. Also plotted in the 
figure are some zeta potential data reported elsewhere [14, 19, 21], for comparison. In the present work, as 
the pH increased from 4.7 to 10.6, the zeta potential of alumina steadily decreased from 33 to -38 mV, and 
the point of zero charge (pzc) for alumina in the present work was around 8.5, which is close to those 
reported by others (e.g., 8.0 – 9.3) [14, 19-21], with the relative difference being smaller than 10%. The 
zeta potential of quartz kept negative and decreased from -23 to -49 mV as pH increased from 4.2 to 10.4, 
which is also consistent with the literature [14, 16]. Overall, the zeta potential difference between alumina 
and quartz steadily decreased as the pH level changed from acidic to alkaline. That alumina and quartz 
would carry opposite surface charges at acidic conditions can give rise to attractive electrostatic double layer 
force. As the attractive electrostatic double layer interaction is considered the main cause of 
heterocoagulation [4-7, 15-17], the heterocoagulation between alumina and quartz is more likely to occur 
at acidic pHs. 
Fig. 2 shows the zeta potential distributions of alumina, quartz, and the alumina-quartz mixture at pH 10. 
The peaks of these curves for alumina and quartz were located at -30 mV and -48 mV, respectively. These 
two feature peaks were also observed in the curves of M1, M2, and M3. An increase in the fraction of alumina 
in the mixture would see the appearance and an increase in the height of the peak for alumina (at -30 mV), 
whereas the peak for quartz (at -48 mV) remained high. The results indicate that the alumina and quartz did 
not coagulate but were dispersed separately in the suspension. In this case, the height of the peak can 
reflect the concentration of the corresponding component. For instance, for the zeta potential distribution of 
M1, the small peak at -30 mV can be attributed to the low concentration of alumina. Note that the zeta 
potential distribution of M3 was not as reproducible as that of the other suspensions. In repeating the 
measurement for M3, we observed that the locations of the peaks remained the same, but the height of the 
peaks fluctuated considerably. Consequently, the obtained standard deviation was large (i. e., 7 mV). This 
phenomenon is largely because the ZetaPlus works on the basis of the electrophoresis of the charged 
particles. As there were two kinds of particles charged differently and with comparable quantity in the 
measured system, the migration of the charged particles in the external electric field was interfered by each 
other [22, 23]. The interference was not significant for M1 and M2 probably because the quantity of alumina 
particles was much smaller than that of quartz. 
Figs. 3 and 4 show the zeta potential distributions at pHs 7 and 5, respectively. The distributions of M1, M2, 
and M3 were unimodal, distinct from the bimodal curves shown in Fig. 2. At pH 7, the peaks for pure alumina 
and quartz were located at 16 mV and -38 mV, respectively; at pH 5 they were located at 24 mV for pure 
alumina and -35 mV for pure quartz. For M1, M2, and M3, the peaks were always located somewhere 
between those of pure alumina and quartz at the same pH, implying that heterocoagulation occurred 
between the alumina and quartz. Note that the standard deviations were relatively low for all five 
suspensions at pHs 7 and 5. This means that the quantity of the particles that did not involve in 
heterocoagulation and remained dispersed was very small. Note also that as the fraction of alumina 
increased in the order of M1, M2, and M3, the zeta potential distribution curve would shift to the right, 
approaching that of pure alumina. There are mainly two possible interpretations for this phenomenon (see 
Fig. 5): 
i) Assuming that quartz particles were small, and they coated large alumina particles, in M1, the 
number of quartz was about 9 times higher than that of alumina, so the alumina particles were 
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expected to be almost totally coated by quartz particles, causing the zeta potential distribution of M1 to 
be very similar to that of the pure quartz. As the fraction of quartz decreased in M2 and M3, alumina 
particles would become partially coated by quartz, allowing the zeta potential distribution to gradually 
shift towards that of pure alumina. 
ii) Assuming that alumina particles were small and they coated large quartz particles, in M1, the 
concentration of alumina was very low, so quartz particles were sparsely coated by alumina particles, 
allowing the zeta potential distribution to approach that of pure quartz. With the increase in the 
concentration of alumina, quartz was more densely coated with alumina particles and the zeta potential 
distribution would approach that of alumina. 
It is difficult to tell which of the above interpretations is true based on zeta potential distribution 
measurement alone despite the fact that zeta potential distribution was extensively used to study the 
hetercogulation between different minerals [15-17, 24-26]. Other information such as particle size 
distribution is expected to help understand the structure of the aggregates. If the particle size ranges of the 
two components are narrow and barely overlap, it is easy to confirm which component acts as the core 
particle and which acts as the surrounding particles in the aggregates because the small particles generally 
coat the large ones. For particles with a wide size range, which is usually true for mineral systems with the 
particle size distributions of two or more components overlapping each other, it is, however, not 
straightforward to answer the question as to “which coats which”. An exception is the research by Lin et al. 
[27], in which the ceria particles with a mean size of 5 nm and silica particles with a mean size of 132, 75, 
and 33 nm were used, and the results confirmed that the ceria particles coated on silica particles. In what 
follows, we measured particle size distribution, which was expected to lend support to one of the above two 
interpretations. 
3.2 Particle size distribution 
MasterSizer 2000 on the basis of the Mie theory of light scattering was used to measure the particle size 
distribution. The measurement of this kind is subject to the influence of the optical property of the measured 
object and the medium. Alumina and quartz possess the same absorbance of 0.1. The refractive index is 
1.79 for alumina and 1.54 for quartz. The refractive index of the mixture of alumina and quartz is unknown 
but is expected to fall in the range of 1.54-1.79. According to Stefano et al. [28], the error caused by 0.1 
deviations of the refractive index when measuring the particle size distribution of soil is negligible. Our 
analysis of the experimental data of quartz by inputting different refractive indices ranging from 1.54 to 1.79 
found that the maximum possible error in the number weighted distribution was around 0.1 μm and the 
error in the volume-weighted distribution was around 1 μm (see Fig. S1 in Supplementary Materials), which 
are also negligible. For simplicity, 1.79 was input as the refractive index in analyzing all the particle size 
measurements of alumina, quartz, and their mixtures. 
Fig. 6 shows the number and volume weighted particle size distributions of these five suspensions at pH 
10 with 0.1 mM NaCl as the background electrolyte. The number weighted distribution and volume-weighted 
distribution gave information that was supplementary to each other. For instance, in the number-weighted 
result, the particle size distribution of Q1 was centered at 0.8 μm, which was larger than that of A1 (i. e., 0.5 
μm); in the volume weighted result, the particle size distribution of Q1 was centered at 4.5 μm and it was 
smaller than that of A1 (9.8 μm). This is because there were more particles larger than 10 μm in A1 than that 
in Q1. These relatively coarse particles could not be reflected in the number weighted distribution as their 
number was too small (less than 0.01%), but they made up a large proportion in the volume-weighted 
distribution. It was proposed that the number weighted distribution is suitable when the small particles are 
focused while the volume-weighted distribution is suitable when the large particles are focused [29, 30]. In 
this paper, both number and volume weighted distributions were analyzed and reported. 
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Fig. 6 shows that the particle size distributions of M1, M2, and M3 were between those of Q1 and A1; with 
the increase of the number ratio of alumina in the mixture (i. e., in the order of 1:9, 1:3, and 1:1 in M1, M2, 
and M3), both the number and volume distributions gradually shifted from near the distribution of Q1 to 
somewhere between Q1 and A1. The situation was different when the pH changed to 7 and 5. As shown in 
Figs. 7a and 8a, the number weighted distributions were similar to what is shown in Fig. 6a except that the 
distribution of M3 became closer to that of Q1. The volume weighted distributions of M1, M2, and M3 
changed significantly as they all narrowed and approached the distribution of Q1. 
Fig. 9 summarizes the number and volume proportions of three size ranges (i. e., <1.3 μm, 1.3-8.7 μm, 
and >8.7 μm) of the particles in the five suspensions at three different pHs. At pH 10, the volume proportion 
of the particles with a size range of 1.3-8.7 μm or >8.7 μm in the mixture (M1, M2, or M3) was between the 
corresponding proportions of Q1 and A1, roughly following a straight line. As the ratio of alumina increased, 
both the number and volume proportions became increasingly different from those of quartz, approaching 
those of alumina. This phenomenon is consistent with the zeta potential distributions shown in Fig. 2, which 
indicates that no heterocoagultaion occurred between alumina and quartz at pH 10. 
At pHs 7 and 5, the volume proportion of the particles in the size range of 1.3-8.7 μm in M1, M2, and M3 
was higher than that of A1 or Q1 (see Fig. 9). Note that the total number of particles/aggregates in each size 
distribution test was fixed, so a higher total volume of the solids would imply the occurrence of 
heterocoagulation. It is, therefore, suggested that the alumina and quartz particles in M1, M2, and M3 
formed aggregates, most of which were in the size range of 1.3-8.7 μm. The volume proportion increase in 
the size range of 1.3-8.7 μm was more pronounced for pH 5, which indicates more significant 
heterocoagulation. In contrast, the volume proportion for particles larger than 8.7 μm in M1, M2, and M3 
became lower than that of A1 or Q1. It should be noted that these coarse particles can hardly undergo 
heterocoagulation because their collision probability with other particles was considered low as their number 
proportion was less than 0.1%, so for a given suspension at different pHs, the absolute volume of these 
coarse particles would remain almost the same. The lower volume proportions of these particles larger than 
8.7 μm at pHs 7 and 5 compared to pH 10 can be accounted for by the increases in the total volume of solids 
in M1, M2, and M3 at the lower pHs. 
A similar result of the change of volume-weighted distribution caused by heterocoagulation was previously 
reported by Baosupee et al. [31]. These authors verified the agglomeration between cellulosic fines with a 
size range of 1-2000 μm and precipitated calcium carbonate particles with a size range of 1-10 μm by size 
distribution. They observed a significant increase in volume proportion in the size range of 1-20 μm and a 
decrease in the size range of 20-2000 μm. Because the size enlargement by heterocoagulation was slight, 
the heterocoagulation could hardly be reflected by particle size but could be reflected by the volume 
changes. 
The variation of the volume proportion of the particles <1.3 μm was less significant compared with the 
other two size ranges apparently because the volume of the particles <1.3 μm relative to total volume of all 
particles was always small. 
It is worth noting that both the number and volume weighted particle size distributions at pHs 7 and 5 for 
M1, M2, and M3 were close to the distribution of quartz rather than alumina. This phenomenon is expected 
for M1 and M2 as the number of quartz in the suspension was larger than alumina. In M3, the numbers of 
alumina and quartz particles were very close to each other. That the size distribution of M3 was also closer 
to that of quartz rather than that of alumina can be accounted for by the core-shell structure: the alumina 
particles may act as the surrounding particles that coated the large core quartz particles. Note that the 
alumina particles were smaller than quartz on the whole (see Figs. 6a, 7a, and 8a); for particles with size 
between 2.0 to 5.0 μm, where the particle volume proportion in M1, M2, and M3 increased very significantly, 
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the particle number proportion was almost the same as that of pure quartz but far from that of pure alumina 
(see the inset graphs in Figs. 7a and 8a). Note also that the total number of particles and/or aggregates in 
each size distribution measurement was controlled to be the same. It is, therefore, suggested that at pHs 5 
and 7, the core-shell structure with small alumina particles coating large core quartz particle as illustrated in 
Fig. 5 (II) should be dominant for the system under study. In M1, M2, and M3, the number of 
particles/aggregates was kept the same as the number of particles in Q1, but the total volume of solids 
increased. 
By measuring the zeta potential distribution and particle size distribution of individual and combined 
alumina and quartz, the heterocoagulation and dispersion behavior of the two components at different pHs 
could be characterized. The zeta potential distribution could qualitatively confirm whether the 
heterocoagulation occurred. The particle size distribution could give more detailed information including the 
size of the aggregates (1.3-8.7 μm in this case) and the aggregate structure. This detailed information is 
important in the study of heterocoagulation between minerals. For example, Xu et al. [14] reported that the 
presence of alumina decreased the recovery of quartz in flotation owing to the heterocoagulation between 
fine alumina and coarse quartz at pH 7. In the flotation of bauxite, it was reported that the valuable mineral 
was coated by the negative charged ultra-fine clay minerals so the concentrate grade deteriorated [32, 33]. 
However, the size and structure of the aggregates were not given in these studies because of the limitations 
of the methods used. 
3.3 SEM image analysis 
Fig. 10 shows the representative SEM images and the Energy Dispersive X-ray Detector (EDX) analysis 
results of M3 (i. e., the mixture of alumina and quartz with 1:1 particle number ratio) at pH 5. Figs. 10A and 
10B indicate that small particles are coated on the surface of one large particle. Because both alumina and 
quartz particles were irregular in shape, it is difficult to tell whether the core large particle was alumina or 
quartz from the image alone. However, the EDX analysis shows that the intensity of Si was much larger than 
that of Al, so it is likely that the core large particle was quartz and the surrounding small particles were 
alumina. This is consistent with the assumption presented in Fig. 5 (II), i. e., the alumina, and quartz 
heterocoagulate at pH 5 and the small alumina particles coated on the large quartz particles. Figs. 10A and 
10B also indicate that the size of the core quartz particle was around 10 μm while the size of the surrounding 
alumina particles was around 1 μm. This is consistent with the particle size distribution analysis in Section 
3.2. Fig. 10C shows that there are individual alumina particles in the suspension. Because there were few 
quartz particles with size around 1 μm in M3, the aggregate with the structure that alumina acted as the core 
particle and quartz acted as the surrounding particles as Fig. 5 (I) illustrates could hardly be found. 
Fig. 11 shows the SEM measurements of M3 at pH 7. The results are similar to those obtained at pH 5. The 
aggregate with small particles being coated on one large particle constitutes the majority of the solids in the 
suspension. The EDX analysis indicates that the core large particle was quartz and the surrounding small 
particles were alumina. Fig. 11C indicates that the alumina particle was not coated by quartz. 
The SEM image obtained at pH 10 finds few aggregate with small particles being coated on the core large 
particle (see Fig. 12). The EDX analysis shown in Figs. 12A and 12B indicates that the intensity of Al is very 
slight and can be neglected when compared to Si, implying that the large particle is the dispersed quartz. Fig. 
12C also shows the individual alumina without the coating of quartz. The images and the EDX analysis 
results indicate that at pH 10, alumina and quartz are not prone to heterocoagulation, which was consistent 
with the zeta potential distribution and particle size distribution results. 
3.4 Interaction between alumina and quartz calculated by the DLVO theory 
As indicated by many researchers [19, 34, 35], the interactions between alumina and quartz in aqueous 
solution include the van der Waals force and the electrostatic double layer force. The summation of the 
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interaction energy (E) versus separation distance for two spherical alumina and quartz particles with radii of 
0.5 and 0.8 μm in 0.1 mM NaCl solution is shown in Fig. 13. The models used in the calculation are as follows 
[36, 37]: 
= +vdW edlE E E                                          (1) 
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Where A132 refers to the Hamaker constant, R1 and R2 refer to the radii of two spherical alumina and quartz 
particles, h is the distance between alumina and quartz surfaces, kB is the Boltzmann constant with value of 
1.381×10-23 J/K, T is the temperature in K (293.15 K in this work), ħ is the Planck constant with the value 
of 6.626×10-34 J·s, ω is the characteristic relaxation frequency of the UV region with the value of 2.068×1016 
rad/s, n1, n2 and n3 represent the refractive indices of alumina, quartz and water, respectively, ε is the 
relative dielectric constant of the 0.1 mM NaCl solution with the value of 78.5, ε0 is the permittivity of 
vacuum with the value of 8.854×10-12 C2∙m/J, ψ1 and ψ2 are the surface potentials of alumina and quartz, 
which are substituted by the measured zeta potential value, κ-1 is the Debye length (Eq.5) with the value of 
30.4 nm in 0.1 mM NaCl solution [37], determined by equation (5) with the unit of nm for κ-1, and mol/L for 
cNaCl, respectively. 
-1
NaCl
0.304
=
c
                                    (5) 
Fig. 13 indicates that the van der Waals force between alumina and quartz was attractive and it was 
independent of pH. The electrostatic double layer force between alumina and quartz was repulsive at pH 10 
but attractive at pHs 7 and 5. The total interparticle force between alumina and quartz was repulsive at pH 
10 whereas it was attractive at pHs 7 and 5. Apparently, the heterocoagulation is driven mainly by the 
attractive electrostatic double layer force. 
The interparticle force calculation between alumina and quartz is consistent with the work of 
Veeramasuneni et al [19]. However, it is not fully consistent with the works of Larson et al. [34] and Meagher 
et al. [35], where the zeta potential of the alumina substrate was negative, and the interaction between 
alumina and quartz was repulsive at neutral pH. The discrepancy might be due to the differences in the 
alumina particles used and the working principle of surface potential measurements. In the work of 
Veeramasuneni et al. [19], the stand-alone electrophoresis measurement of the alumina powder was 
conducted. The pzc of alumina was around 9, which was very close to the value reported in the present work 
and others in the literature [14, 20, 21]. In the work of Larson et al. [34], the streaming potential 
measurement was conducted to obtain the surface potential of the alumina substrate (sapphire). The 
reported pzc of alumina substrate was 4.2. In the work of Meagher et al. [35], no measurement for surface 
potential was conducted, and the surface potential of alumina substrate was obtained by fitting the 
measured force curves to the DLVO theory. The pzc they reported was around 5.0. Yelken and Polat [38] 
reported the zeta potentials of alumina obtained respectively by electrophoresis measurement and by DLVO 
fitting to AFM force data, with the corresponding pzc of alumina being around 9 and 5, respectively. 
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Therefore, the pzc of alumina can be different for different experimental systems. 
4. Conclusions 
The heterocoagulation of alumina and quartz was characterized via a simple approach by measuring the 
zeta potential distribution and particle size distribution of the mixture with different compositions at pHs 5, 
7, and 10. The obtained bimodal distribution of zeta potential implied the dispersion of alumina and quartz 
particles at pH 10, whereas the unimodal zeta potential distributions of the mixtures of alumina and quartz 
at pHs 7 and 5 suggested the heterocoagulation of alumina and quartz. 
The measured particle size distributions corroborate the heterocoagulation of alumina and quartz at pHs 
5 and 7. The aggregates were mainly in the size range of 1.3-8.7 μm. Also, the results suggested that for the 
samples under study, the quartz acted as the core large particle and the alumina acted as the surrounding 
small particles in the heterocoagulation. This assumption was verified by the SEM images and the EDX 
analysis. 
The heterocoagulaion and dispersion of alumina and quartz at different pHs can be accounted for by the 
DLVO force calculation. The van der Waals force between alumina and quartz kept attractive at pHs 10, 7 and 
5, but the dominating electrostatic double layer force was repulsive at pH 10 and it became attractive at pHs 
7 and 5 owing to the large difference in the zeta potential of the two components in the mixture. 
The new characterization approach demonstrated in the present work makes it possible to describe the 
aggregate size and identify the core and shell components in coating structure. Although this aim could also 
be achieved by microscope technique such as SEM, the new approach is more efficient because it does not 
require complicated sample preparation process and the overall particles/aggregates can be analyzed in a 
short time. This approach might be helpful to further understand the heterocoagulation, and thereafter, to 
find suitable ways to promote or inhibit heterocoagulation in different applications. 
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Figure Caption 
Fig. 1 Zeta potential of alumina and quartz versus pH (electrolyte: 0.1 mM NaCl). The error bars represent one standard deviation 
obtained from 10 measurements. The zeta potential of alumina and quartz reported in other literature [14, 19, 21] is also plotted. 
 
Fig. 2 Zeta potential distribution of quartz particles, alumina particles, and their mixture with different ratios (M1, M2, and M3, see 
Table 1 for the detailed information) in the presence of 0.1 mM NaCl at pH=10. 
 
Fig. 3 Zeta potential distribution of quartz particles, alumina particles, and their mixture with different ratios (M1, M2, and M3, see 
Table 1 for the detailed information) in the presence of 0.1 mM NaCl at pH=7. 
 
Fig. 4 Zeta potential distribution of quartz particles, alumina particles, and their mixture with different ratios (M1, M2, and M3, see 
Table 1 for the detailed information) in the presence of 0.1 mM NaCl at pH=5. 
 
Fig. 5 Schematic of the heterocoagulation inferred form zeta potential distributions alone. I: positive charged alumina was coated 
by quartz, the negativity decreased as the fraction of alumina increased; II: negative charged quartz was coated by alumina, the 
negativity decreased as the fraction of alumina increased. 
 
Fig. 6 Number weighted particle size distributions (a) and volume weighted particle size distributions (b) of alumina particles (A1), 
quartz particles (Q1), and their mixture with different ratios (M1, M2, and M3, see Table 1 for the detailed information) in the 
presence of 0.1 mM NaCl at pH=10. The inset figure in (a) shows the distribution of particle size between 2 μm and 5 μm. 
 
Fig. 7 Number weighted particle size distributions (a) and volume weighted particle size distributions (b) of alumina particles (A1), 
quartz particles (Q1), and their mixture with different ratios (M1, M2, and M3, see Table 1 for the detailed information) in the 
presence of 0.1 mM NaCl at pH=7. The inset figure in (a) shows the distribution of particle size between 2 μm and 5 μm. 
 
Fig. 8 Number weighted particle size distributions (a) and volume weighted particle size distributions (b) of alumina particles (A1), 
quartz particles (Q1), and their mixture with different ratios (M1, M2, and M3, see Table 1 for the detailed information) in the 
presence of 0.1 mM NaCl at pH=5. The inset figure in (a) shows the distribution of particle size between 2 μm and 5 μm. 
 
Fig. 9 The number and volume proportions of three size fractions of alumina particles (A1), quartz particles (Q1), and their 
mixture with different ratios (M1, M2, and M3, see Table 1 for the detailed information) at pHs 10, 7 and 5 in the presence of 0.1 
mM NaCl 
 
Fig. 10 SEM image and EDX analysis of the mixture of alumina and quartz with 1:1 number ratio (M3) in the presence of 0.1 mM 
NaCl at pH=5 (the square in the image shows the EDX analyzing region, A and B: aggregate of alumina and quartz, C: individual 
alumina). 
 
Fig. 11 SEM image and EDX analysis of the mixture of alumina and quartz with 1:1 number ratio (M3) in the presence of 0.1 mM 
NaCl at pH=7 (the square in the image shows the EDX analyzing region, A and B: aggregate of alumina and quartz, C: individual 
alumina). 
 
Fig. 12 SEM image and EDX analysis of the mixture of alumina and quartz with 1:1 number ratio (M3) in the presence of 0.1 mM 
NaCl at pH=10 (the square in the image shows the EDX analyzing region, A and B: individual quartz, C: individual alumina). 
 
Fig. 13 DLVO force between alumina and quartz at different pHs (A: individual electrostatic double layer (edl) and van der Waals 
(vdW) interaction energy, B: the summation of electrostatic double layer and van der Waals interaction energy; electrolyte: 0.1 
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mM NaCl, particle radii of alumina and quartz: R1=0.5 μm, R2=0.8 μm). 
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Table 1 Composition of the five suspensions 
Suspension  A1 Q1 M1 M2 M3 
Volume of the 
top layer of the 
original 
suspensions 
(mL) 
alumina  quartz alumina  quartz alumina quartz alumina quartz alumina quartz 
100 0 0 100 50 50 75 25 90 10 
Number ratio of 
alumina to 
quartz a 
1:0 0:1 1:9 1:3 1:1 
a The number ratio was calculated according to the required volume of the suspension to reach the laser obscuration of 10% in the 
particle size measurement (see Section 2.3 for more details). 
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Graphic abstract 
 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
29 
 
 Zeta potential distribution is used to detect the alumina-quartz heterocoagulation 
 
 Occurrence of the heterocoagulation between alumina and quartz is pH sensitive 
 
 Particle size distribution and SEM image identify the structure of the aggregate 
 
 Interparticle interaction is analyzed in the framework of the DLVO theory 
